Background. There is major need for a more sensitive assay for the diagnosis of pneumococcal communityacquired pneumonia (CAP). We hypothesized that pneumococcal nasopharyngeal (NP) proliferation may lead to microaspiration followed by pneumonia. We therefore tested a quantitative lytA real-time polymerase chain reaction (rtPCR) on NP swab samples from patients with pneumonia and controls.
Pneumococcal disease remains a major contributor to morbidity and mortality, particularly in those with a high prevalence of human immunodeficiency virus (HIV) infection [1] . Current diagnostic standards for bacterial pneumonia are limited by a lack of emphasis on appropriate specimen collection [2] , and reliance on assays with poor sensitivity and specificity [3] . Therefore, the role of Streptococcus pneumoniae in communityacquired pneumonia (CAP) is underestimated, even though S. pneumoniae is reported as the most frequently identified pathogen in both HIV-infected and HIV-uninfected adults in developed and developing countries [1, [4] [5] [6] [7] [8] . Easily obtainable specimens and assays with increased sensitivity to identify pneumococcal CAP could improve management and strategies for better prevention of pneumococcal CAP. Nasopharyngeal (NP) swab samples are appealing specimens compared with sputum specimens, which is frequently of poor quality and which are affected by specificity problems [9] . Quantitative real-time polymerase chain reaction (rtPCR) is an attractive tool to diagnose pneumococcal disease [3] , particularly with more specific gene targets, such as the main pneumococcal autolysin lytA [10, 11] . Based on the growing appreciation of the association between pneumococcal load and clinical disease, there has been recent interest in quantitative pneumococcal assays [12] [13] [14] . This study explored the predictive value of density of pneumococcal NP colonization in relation to diagnosis of pneumococcal pneumonia in HIV-infected South African adults.
METHODS

Adults ($18 years old) admitted to Chris Hani Baragwanath
Hospital in Soweto, South Africa, with acute pneumonia (symptoms for ,14 days) were enrolled from December 2005 until September 2007. Pneumonia was defined as the presence of $2 of the following: cough, dyspnea, pleuritic chest pain, or fever (.38.0°) plus crackles or bronchial breathing at auscultation. Patients were excluded if they had a previous diagnosis of tuberculosis and were on antituberculous treatment, or if only antituberculous treatment was initiated on admission. Radiologically confirmed pneumonia (referred to as CAP) was defined as any new infiltrate in association with a compatible clinical syndrome. The main investigation group for this analysis was HIV-infected patients with CAP. As controls, we simultaneously enrolled a convenience sample of HIV-infected adults from March 2006 until October 2007 attending the Chris Hani Baragwanath Hospital outpatient HIV clinic who were afebrile, asymptomatic for respiratory illness, and had no active tuberculosis.
In eligible patients with pneumonia, we obtained 10 mL of blood for aerobic blood cultures and induced sputum using hypertonic (5%) saline within 12 hours of admission. Blood and sputum were processed using standard microbiological culture and staining techniques (BacTAlert for blood cultures; BioMérieux). A pneumococcal latex agglutination test (Wellcogen Bacterial Antigen Kit; Wellcogen) and a nested PCR assay for pneumococcus [15] , were performed if growth in blood cultures was detected but failed to identify an organism.
In both patients with pneumonia and controls, NP swab samples were collected from a single nostril with dacron swabs (Medical Wire and Equipment), placed in 1 mL of skim milk, tryptone, glucose, and glycerin (STGG) medium and stored at 4°C for #12 hours before processing [16] . Quantitative counts of pneumococci were obtained by plating out serial dilutions of STGG medium onto blood agar plates with 5 mg/mL gentamicin. S. pneumoniae was identified based on colony morphology, optochin susceptibility, and bile solubility.
An immunochromatographic membrane test (ICT) (Binax Now Streptococcus pneumoniae; Binax) was performed on unconcentrated urine specimens from patients with pneumonia and controls, according to the manufacturer's recommendations. Urine was tested for the presence of antimicrobial substances by using a pansensitive Bacillus subtilis strain. Duplex quantitative rtPCR targeting ply and lytA genes on NP swab samples was performed by blinded study personnel (supplemental material). PCR results were considered positive only if the lytA gene was amplified (cycle threshold [C T ], ,45) [10] .
Statistical Analysis
For patients with CAP, a composite diagnostic standard for pneumococcal pneumonia was defined as positive if pneumococci were demonstrated by blood culture, urinary ICT, or good-quality (.25 neutrophils and ,10 epithelial cells per high-power field) sputum Gram stain or culture [17] . Bacterial colony counts were log-transformed. For mathematical reasons, we assigned a value of 1 colony-forming unit (CFU)/mL to patients in whom pneumococcus was not identified in NP cultures or with lytA rtPCR. Correlations between colony counts identified by culture and lytA rtPCR were performed using Pearson's correlation coefficient. Abbreviations: CURB-65, confusion, urea, respiratory rate, blood pressure, age $65 years [18] (the number reflects the sum of criteria present); HAART, highly active antiretroviral therapy; HIV, human immunodeficiency virus; NA, not applicable; SD, standard deviation. a P value for comparison between HIV-infected and HIV-uninfected patients with pneumonia.
Antimicrobial activity in admission urine specimens was detected in 54.2% of HIV-infected patients with CAP; there was a poor correlation (j 5 0.07) with patients' reports of antibiotic use, because only 16.2% patients with urinary antimicrobial activity reported taking an antibiotic in the previous 48 hours. For further analysis, we thus used only measured antimicrobial activity as the indicator of recent antibiotic use.
Compared with HIV-infected adults with radiologically confirmed CAP, the asymptomatic HIV-infected control subjects (n 5 300) had a higher proportion of females, higher CD4 cell counts, and were more likely to be receiving highly active antiretroviral therapy (HAART) and cotrimoxazole prophylaxis (Table 1) . There was no difference in urinary antimicrobial activity between case patients and controls.
Diagnostic Utility of Different Pneumococcal Assays S. pneumoniae was identified in 27.1% of patients with CAP based on the composite diagnostic standard (15.4% based on the composite diagnostic standard without urinary ICT). The performance of individual assays is summarized in Table 2 and  Supplementary Table 1 . Urinary ICT results were positive in 66.7% of patients with bacteremic and in 72.7% of patients with nonbacteremic pneumococcal CAP (P 5 .62) and in 0.3% asymptomatic controls. In the subgroup of 48 patients with CAP and good-quality sputum specimens, pneumococcus was identified in 62.5%, compared with 46 of 232 (19.8%) without good-quality sputum specimens (P , .001).
Quantitative Colonization Density
Patients with CAP were more frequently colonized with pneumococcus than controls ( Table 3 ). The density of pneumococcal colonization was higher in HIV-infected patients with CAP attributed to pneumococcus (n 5 76) based on the composite diagnostic standard than in those in whom pneumococcus was not identified (n 5 204) on NP swab samples (4.2 vs 1.5 log 10 CFU/mL; P , .001) (Figure 1, Supplementary Figure 1 ). Among HIV-infected patients with CAP, the proportion categorized as pneumococcal based on the composite diagnostic standard was higher with increasing NP colonization densities (P , .001).
NP colonization densities were also higher in patients with pneumococcal CAP than asymptomatic controls (4.2 vs 0.4 log 10 CFU/mL; P , .001) (Figure 2, Supplementary Figure 2) . ROC curves showed very good diagnostic accuracy (area under Table 2 ). In a separate analysis limited to those patients with CAP and controls with pneumococcal colonization, the 15 000 CFU/mL cutoff resulted in higher sensitivity (88.5%) but lower specificity (59.4%). If this cutoff was assumed to represent true-positive cases and was used to diagnose pneumococcal etiology, 42.7% of CAP cases in HIV-infected patients would be attributed to pneumococcus (Supplementary Table 3 ).
Results of lytA rtPCR
In HIV-infected patients, lytA rtPCR was more frequently positive in pneumococcal (94.5%) than nonpneumococcal CAP based on the composite diagnostic standard (50.8%; P , .001). There was no difference in lytA PCR positivity in NP swab samples between bacteremic and nonbacteremic pneumococcal CAP (94.7% vs 94.4%; P 5 .99), and these rates were higher than in asymptomatic HIV-infected persons (19.8%; P , .001).
There was good correlation between quantitative culture and quantitative lytA rtPCR on NP swab samples among HIVinfected persons with either CAP or asymptomatic colonization (Figure 3) . The quantitative lytA rtPCR detected higher mean copy numbers in pneumococcal (6.0 log 10 copies/mL) than in nonpneumococcal (2.7 log 10 copies/mL; P , .001) CAP based on the composite diagnostic standard (Figure 1) , and higher than in asymptomatic controls (0.8 log 10 copies/mL; P , .001). Previous antimicrobial therapy did not affect lytA rtPCR positivity or density (Tables 2 and 3) . HIV-infected patients with pneumococcal CAP who died during hospitalization had a higher mean quantitative lytA rtPCR than did survivors (7.7 vs 6.1 log 10 copies/mL; P 5 .02).
ROC curves for lytA rtPCR showed excellent diagnostic accuracy (AUC, 0.93) to distinguish pneumococcal CAP from colonization in HIV-infected persons and good diagnostic accuracy to distinguish between pneumococcal and nonpneumococcal etiology in patients with CAP (AUC, 0.78). The optimal lytA rtPCR cutoff for NP colonization density to distinguish between asymptomatic colonization and pneumococcal CAP in HIV-infected persons was 8000 copies/mL (sensitivity, 82.2%; specificity, 92.0%) (Supplementary Table 4 ). Among those HIV-infected patients with CAP and controls with pneumococcal colonization, this cutoff resulted in a higher sensitivity (87.0%) but lower specificity (59.6%). If this cutoff was assumed to represent true-positive cases and therefore was used to diagnose pneumococcal etiology in CAP, 34.4% additional cases of pneumococcal etiology would be identified in HIV-infected patients (total pneumococcal CAP, 52.5%). Its performance was very similar if restricted to patients with CAP without a concomitant new diagnosis of tuberculosis (Supplementary Table 5 ). Abbreviations: CAP, community-acquired pneumonia; HAART, highly active antiretroviral therapy; NP, nasopharyngeal; rtPCR, real-time polymerase chain reaction; SD, standard deviation.
In 14 of 40 (35.0%) HIV-uninfected patients with radiologically confirmed CAP, pneumococci were identified by the composite diagnostic standard. There was no difference in mean colonization densities between HIV-uninfected and HIV-infected patients (6.8 vs 6.3 log 10 copies/mL; P 5 .46). The lytA rtPCR cutoff of 8000 copies/mL yielded 4 (16%) more patients (1 patient had no lytA rtPCR results, resulting in an overall pneumococcal etiology rate of 18/39 (46.2%) in HIVuninfected patients with available lytA rtPCR results).
The lytA rtPCR copy numbers were significantly higher in patients with CAP than in controls when stratified for CD4 cell counts (Supplementary Figure 3) , the presence or absence of urinary antimicrobial activity, smoking status, and current HAART ( Table 3 ). The proportion of pathogenic bacteria identified among the composite pneumococcal group was similar to that among patients with only a positive lytA density assay (Supplementary Table 6 ).
DISCUSSION
This study provides evidence for a new diagnostic assay for S. pneumoniae as a cause of CAP. HIV-infected patients with pneumococcal CAP have lytA rtPCR copy numbers that are 3 log 10 and 5 log 10 higher than patients with nonpneumococcal CAP and asymptomatic controls, respectively. When a lytA rtPCR density cutoff of 8000 copies/mL was applied, 52.5% of patients with CAP were categorized as having ''pneumococcal CAP,'' compared with 27.1% for a composite standard of Pneumococcal colonization densities are shown as colony counts, obtained with nasopharyngeal (NP) swab cultures and lytA real-time polymerase chain reaction (rtPCR) of NP swab samples. Counts are depicted after logarithmic transformation for those who had Streptococcus pneumoniae identified by the composite diagnostic standard and those who did not. Plus signs represent means; lengths of boxes, interquartile ranges between 25th and 75th percentiles; horizontal lines in boxes, medians; and whiskers, minimum and maximum values (t test, P , .001 for NP counts from cultures and for lytA rtPCR; Wilcoxon rank sum test [used after assignment of value 1 to the colony count for those who were not colonized], P , .001 for NP counts and lytA rtPCR). Abbreviations: CFU, colony-forming units; NP, nasopharyngeal; rtPCR, real-time polymerase chain reaction.
blood, urine, and sputum tests. The NP density assay identified another third of patients with CAP of probable pneumococcal etiology, compared with the use of the composite diagnostic standard.
Studies investigating the burden of pneumococcal pneumonia are hampered by the lack of established reference standards because of the limited sensitivity and specificity of current assays to discriminate between infection and colonization and the difficulties of obtaining good-quality sputum samples. Quantitative lytA rtPCR on NP swab samples demonstrated pneumococci in .50% of our patients with CAP. This proportion of pneumococcal etiology in CAP is similar to the 46% detected using multiple diagnostic assays in both classic analysis and latent class analysis in Kenyan adults including convalescent serum samples [1, 19] . Our classification of ''pneumococcal'' and ''nonpneumococcal'' CAP was based on a composite of 4 standard microbiological assays in the absence of a diagnostic reference standard [14, 20] .
The rate of pharyngeal pneumococcal colonization-a conditio sine qua non for pneumococcal disease [21, 22] -in our controls (12-13%) was similar to that in Native American (15%) [23] , Alaskan (18%) [24] , and Kenyan adults (6%) [25] , but lower than that found in Gambian adults (51%) using a more sensitive latex typing assay from a sweep of the confluent growth at primary inoculum from the NP that does not rely on detecting individual pneumococcal colonies [26] . However, colonization can be a coincidental finding rendering qualitative colonization an unacceptably nonspecific diagnostic tool.
We therefore used quantitative measures of colonization density. For the first time we show the correlation of pneumococcal colonization density in adults with CAP versus asymptomatic controls based on bacterial cultures and molecular methods. Our study is also the first to evaluate a specific molecular target, lytA, quantitatively against the full range of the current standard pneumococcal diagnostics. Importantly, results of quantitative bacterial cultures and quantitative lytA rtPCR correlated well with those of the molecular method showing higher sensitivity and similar specificity in distinguishing between CAP and asymptomatic carriage. Molecular methods have the advantage of providing timely and accurate results with automation, are independent of the effects of previous antibiotics and are characterized by high specificity for their targets as shown in this and other studies [14, 27] . A cutoff of 10 4 DNA copies/mL, using the Spn9802 target in NP aspirates, had a specificity of 96.4% for the detection of pneumococcal CAP (defined by NP aspiration culture only) [12] . Correlation was good between semiquantitative cultures (classified as 1, 11, or 111) and quantitative Spn9802 rtPCR, and adult patients with pneumonia had lower C T values than asymptomatic controls [12] . This suggests that 10 3 -10 4 /mL is probably a critical colonization density at which there is a transition from carriage to disease in adults. This supports our proposed hypothesis of the pathogenesis of pneumococcal pneumonia based on the concept that carriage and disease serotypes are identical in .75% of patients with invasive pneumococcal disease and that viral respiratory infections that predispose patients to pneumococcal pneumonia [28] may do so after uncontrolled replication of newly acquired pneumococcal serotypes in the nasopharynx, and subsequently the lungs [29] .
With a rising burden of organisms in the nasopharynx, probably at critical colonization densities, the risk of microaspiration [30] increases, finally resulting in lobar pneumonia, the typical but not only manifestation of pneumococcal CAP [31] . The observation that the mean colony counts in patients with CAP categorized as nonpneumococcal by the composite diagnostic standard were lower than those in patients with pneumococcal CAP, but higher than in asymptomatic controls, supports the idea that many of these patients had undetected cases of pneumococcal CAP. Conversely, our data imply that NP colonization densities could become an integral part of the diagnosis of pneumococcal CAP in adults. Our observation that mortality increased with higher NP colonization density among patients with pneumococcal CAP confirms recent data showing an association between severity of CAP and genomic pneumococcal load in blood [32] . In turn, this validates our pathophysiological and novel diagnostic concept of transition from asymptomatic carriage to disease at a critical NP colonization density.
There are limited data on the association of colonization density with disease in children. Higher prevalences of NP colonization were detected in Chinese children with pneumonia than in those without pneumonia [33] . Highdensity NP colonization ($10 6 CFU/mL of any bacterial organism at bacterial culture) was more common in Vietnamese children with pneumonia (49%) than among children with acute bronchitis (29%) or healthy children (17%), whereas no difference was found for any particular organism or in the prevalence of low-density NP colonization between any of the groups [34] . Recently, the pneumococcal load in NP samples measured with a multiplex PCR was higher in children with radiologically confirmed CAP than in those with other lower respiratory tract infections or healthy children, even though no clinically useful cutoffs could be calculated for the diagnosis of pediatric pneumonia [13] , possibly because children have higher densities of pneumococcal carriage than adults [35] . There are some limitations to our data. Not all patients had a complete set of diagnostic assays, but we have no reason to suspect systematic selection bias. Furthermore, HIV-infected controls less frequently smoked and had higher proportions of current cotrimoxazole prophylaxis and HAART and higher CD4 cell counts than HIV-infected patients with CAP. CD4 cells provide antibody-independent protection from murine pneumococcal NP colonization [36] , whereas smoking is a risk factor for pneumococcal carriage [37] and disease [38] . However, regardless of the presence or absence of previous antimicrobial therapy, HAART, smoking or CD4 categories, patients with CAP always had significantly higher lytA rtPCR copy numbers than asymptomatic controls.
We focused on HIV-infected persons and restricted our control group to a convenience sample of HIV-infected asymptomatic controls, reflecting the overwhelming burden of HIV infection among African adults with CAP [1, 39] . Our pneumonia population was highly representative of patients with CAP in sub-Saharan Africa. It is speculative whether our results can be generalized to patients with acute CAP and active tuberculosis . Even though patients with known active tuberculosis were not enrolled, Mycobacterium tuberculosis was the second most common organism, also as a coinfection, which is typical for sub-Saharan Africa [1] . This is consistent with a recent report documenting a 43% reduction of hospitalization for tuberculosis in children vaccinated with pneumococcal conjugate vaccine in Soweto [40] . To further strengthen the generalizability to settings where tuberculosis is less prevalent, a separate analysis excluding patients with a concomitant diagnosis of tuberculosis showed a very similar performance of our proposed NP density cutoff.
As expected, only a few adults with CAP were HIV uninfected, among whom this quantitative rtPCR cutoff also increased the proportion of pneumococcal etiology similar to that seen in HIV-infected adults. Because the mean colonization density did not differ between HIV-uninfected and HIV-infected patients with CAP, and because we expect similar or indeed lower colonization densities and frequencies of asymptomatic colonization in asymptomatic HIV-uninfected compared with HIV-infected adults [41] , this assay also seems promising in HIV-uninfected adults. We consider this a proof-of-concept study, which requires validation in different settings in patients who are elderly or have other risk factors for CAP.
In conclusion, we propose a new method to diagnose pneumococcal pneumonia in adults. Using an easily obtainable NP specimen and a rapid and accurate cultureindependent assay, quantitative rtPCR markedly increases the proportion of CAP attributed to pneumococcus. This may be useful both for direct patient care, enabling more targeted therapy and for epidemiologic assessment of the vaccinepreventable burden of pneumococcal disease in adults. Further confirmation is needed of the association between high NP colonization density and clinical disease before an NP count of $8000 copies/mL can indeed be considered diagnostic of pneumococcal CAP in patients with a compatible clinical picture.
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